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All carbon electronics based on graphene has been an elusive goal. For more than
a decade, the inability to produce significant band-gaps in this material has prevented
the development of graphene electronics. We demonstrate a new approach to produce
semiconducting graphene that uses a submonolayer concentration of nitrogen on SiC
sufficient to pin epitaxial graphene to the SiC interface as it grows. The resulting
buckled graphene opens a band-gap greater than 0.7eV in the otherwise continuous
metallic graphene sheet.
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The goal of developing all-carbon electronics re-
quires the ability to dope graphene and convert it be-
tween metallic and wide band-gap semiconducting forms.
While doping graphene by adsorbates or more elabo-
rate chemical means has made rapid progress,1–7 open-
ing a band-gap in graphene has been problematic. Two
routes to wide-band-gap semiconducting graphene have
been pioneered: electron confinement and chemical func-
tionalization. Electron confinement in lithographically
patterned narrow graphene ribbons has been plagued by
lithographic limits and edge disorder,8–11 although recent
results from sidewall grown graphene ribbon are show-
ing new progress that could lead to band-gaps larger
than 0.6eV.12,13 Functionalized graphene band-gaps can
be produced by imposing a periodic potential in the
graphene lattice through ordered adsorbates14,15 or or-
dered impurities replacing carbon atoms.16
In this work we demonstrate a novel approach to band-
gap engineering in graphene using a nitrogen seeded SiC
surface. Rather than using chemical vapor deposition
(CVD) or plasma techniques to dope graphene by post
seeding the films with nitrogen,5–7,17 we show that a sub-
monolayer concentration of nitrogen adsorbed on SiC,
prior to graphene growth, causes a large band-gap to
open in the subsequently grown, continuous graphene
sheets. Using X-ray photoemission spectroscopy (XPS),
scanning tunneling microscopy (STM), and angle re-
solved photoemission spectroscopy (ARPES), we show
that a submonolayer concentration of bonded nitrogen
at the graphene-SiC interface leads to a 0.7eV semicon-
ducting form of graphene.
The band-gap is not due to chemical functional-
ization since the concentrations used in these studies
are expected to have little effect on graphene’s band
structure.16,18 Instead, STM topographs and dI/dV im-
ages, showing that the graphene is buckled into folds with
1-2nm radii of curvature, suggests two possible origins for
the gap: either a quasi-periodic strain19 or electron lo-
calization in the 1-2 nm wide buckled ribbons.20
To produce this semiconducting form of graphene, we
pre-deposit nitrogen onto a SiC(0001¯) surface [see ex-
perimental details and supplemental material]. After ni-
trogenation, there is a strong N1s peak at 398.9eV [see
Fig. 1(a)] with a FWHM=1.4eV. The N1s binding en-
ergy (BE) and the broad width of the peak are con-
sistent with a range of calculated sites that are likely
due to two- and three-coordinated nitrogen in substitu-
tional carbon sites bonded to interfacial silicon and car-
bon atoms [see supplemental material].21 In these studies
the integrated N1s XPS intensity corresponds to starting
nitrogen concentration of ∼ 0.3ML (∼ 3.9×1014cm−2 of
N on the 4H-SiC(0001¯) surface). The XPS data of Fig. 1
shows that a large fraction of this N remains at the SiC-
graphene interface after graphene growth at 1450◦C in
the controlled silicon sublimation (CSS) furnace [see sup-
plemental material].23 We suggest a model where a por-
tion of the remaining nitrogen is not incorporated into
the graphene but instead pins the graphene to the SiC
to produce buckled semiconducting graphene.
After growth, the graphene C1s peak develops at 284.5
eV [see Fig. 1(b)]. No oxides (C-O or Si-O) are measur-
able once the graphene has formed. We note that both
the Si 2p and SiC C1s peaks shift 1.3 eV to lower BE
once the graphene forms [see Figs. 1(a) and (c)], consis-
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2FIG. 1. (a)-(c) XPS from SiC(0001¯) surface before and after
growth of a 3-layer graphene film. The pre- and post-growth
N coverage is 0.3ML and 0.2ML, respectively (a) N1s, (b)
C1s, and (c) Si2p [hν=1486eV]. A 1.3eV shift after graphene
forms is shown (dashed line). The C-x peak at 286eV is from
“adventitious carbon” contamination in the initial surface.22
(d) and (e) XPS spectra for an 8-layer graphene film grown
from the pre-nitrogen surface using photon energies of 500,
600, and 900eV. The intensities have been normalized to the
graphene C1s peak. (d) N1s spectra at the same photon ener-
gies as (e). Insert shows the 2-component fit to the N1s peak.
The purple, red and blue bars in (d) mark the expected peak
positions of pyrrolic, graphitic and pyridinic N-inclusions in
graphene, respectively.7,17 (e) XPS of the C1s spectrum for
the same photon energies in (d). Insert in (e) shows the SiC
portion of the C1s XPS spectra. (f) The trend in photo-
electron intensity versus photoelectron KE from an 8-layer
graphene sample for the SiC C1s, graphene C1s, and the two
N1s XPS peaks. Absolute intensities have been scaled by ar-
bitrary factors to highlight the energy trend for each peak.
tent with the known band bending on graphitized C-face
SiC.24,25 Furthermore, the C 1s is essentially identical to
clean C-face graphene (see for example Ref. [25]). After
growth, the N1s peak is shifted by 1.5eV to lower BE
(a net shift of -0.2 eV) and the total nitrogen concentra-
tion, as determined by XPS, reduces to ∼ 2×1014/cm2,
∼ 0.2ML [see Experimental Methods]. The post growth
N1s peak can be fit with two narrow pseudo-Voight peaks
at 398.0 eV and 397.4eV (with FWHM of 0.8 and 0.9eV),
labeled as NP and NS , respectively [see the insert in
Fig. 1(d)]. It is important to note that there are no
other higher BE N1s peaks in the spectrum that would
normally be associated with common nitrogen incorpora-
tion sites in the graphene lattice.7 In other words, little
if any nitrogen is incorporated into the graphene lattice.
The dominant peak at 397.4 eV, labelled as Ns, is usu-
ally associated with N-SiC bonds. Specifically, nitrogen
in carbon sites bonded to Si atoms at the SiC interface
as shown in Fig. 2(a) [see supplemental material].26 The
weak NP peak at 398.0 eV (∼ 25% of the total nitrogen
coverage) is in the energy range associated with pyridinic
nitrogen sites in graphene,5,6,21,27 but can also be associ-
ated with other sp3 and sp2 C-N bonds in carbon nitride
films.28 Photon energy-dependent XPS measurements in
Figs. 1(d),(e), and (f) and STM images described below
indicate that NP is not pyridinic nitrogen but is instead
a second C-N compound at the graphene-SiC interface
that pins the graphene to the SiC [see Fig. 2(a)].
Figures 1(d) and (e) show XPS spectra of N1s and
C1s for different photon energies. A photon energy of
hν = 500eV produces photoelectrons with the shortest
mean free path of the three photon energies used in these
experiments and is therefore the most surface sensitive of
the three. In Fig. 1(e) the more surface sensitive spectra
have the weakest SiC C1s, indicating that the SiC spec-
tra is attenuated by the graphene layers above. The N1s
peak is similarly weakest at this energy indicating that
most of the nitrogen is near the SiC surface. We also
note that the ratio of the NS and NP peak intensities is
independent of photon energy. This is demonstrated in
Fig. 1(f) where the intensity of the two peaks have essen-
tially the same kinetic energy (KE) dependence. These
two findings confirm that the NP peak is associated with
a nitrogen site at the SiC-graphene interface and is not
a pyridinic nitrogen inclusion in graphene.
The XPS results shown in Fig. 1(a) make clear that
while a significant portion of the nitrogen desorbs dur-
ing the high temperature (1450◦C ) growth, the remain-
ing nitrogen is maintained in a stable concentration of
sites at the graphene-SiC interface. This implies that any
high energy substitutional nitrogen sites that develop in
the growing graphene film are annealed out and remain
bonded at more favorable sites at the SiC interface. As-
suming a uniform distribution of NS and NP sites, the
average distance between nitrogen atoms is ∼ 0.9nm for
NS sites and ∼1.5nm for NP sites. A length scale com-
parable to the NP average spacing will be seen again in
STM results from these same films and will be important
in understanding the band structure of this material.
The interfacial N-preparation method used here causes
a band-gap to open in graphene’s pi bands. We demon-
strate this using high resolution ARPES from graphene
films taken at the graphene K-point (rotated 30◦ from
the SiC <101¯0> direction). Figure 3(a) shows the typ-
ical band dispersion perpendicular to the ΓK direction
at the graphene K-point from a clean 3-layer film. As
the ARPES shows, pristine 3-layer C-face graphene con-
sists of linear pi-bands (Dirac cones) with little or no
doping.29 The band structure of a graphene film with
0.2ML interface N-content is dramatically different as
seen in Fig. 3(b) and (c). When interfacial nitrogen is
present, a band-gap has developed. Figure 3(d) shows
energy distribution curves (EDC) through the K-point at
3FIG. 2. Schematics showing how graphene layers grow from nitrogen-seeded SiC. (a) Most of the nitrogen, NS , is bonded to
Si atoms (magenta) in carbons sites. The remaining interfacial nitrogen, NP , is bonded to both the SiC carbon atoms (green)
and the graphene, pinning it to the SiC. As the graphene grows and the SiC recedes, nitrogen remains at the SiC interface. (b)
and (c) both show that the buckling amplitude in layers farther from the surface is reduced as strain is relieved.
(c)
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FIG. 3. The ARPES band structure taken with ~ω= 36 eV near the K-point of (a) clean 3-layer graphene (T=100K), (b) 3-
layer graphene with a 0.2ML nitrogen SiC(0001¯) surface (T=300K), and (c) 8-layer graphene from a 0.2ML nitrogen SiC(0001¯)
surface (T=300K). ky is perpendicular to the ΓK direction. Note the different energy and momentum scales for (b) and (c)
compared to (a). (d) Energy distribution curves through the Dirac point in (a), (b) and (c) show the 0.7eV gap for 3-layer films
that reduces to 0.45eV for 8-layer films. Note that the apparent energy broadening observed near EF in the nitrogen samples
compared to the clean surface, is entirely due to the temperature difference between the two measurements that broadens the
300K Fermi-Dirac function.
ky=0 from (a), (b), and (c). The EDC for the clean sur-
face is peaked near the EF (the small intensity at 0.5eV is
from a faint cone from the layer below rotated relative to
the top layer, typical of C-face graphene).30 Unlike pris-
tine graphene, the peak in the EDCs from the nitrogen-
seeded samples are shifted to higher BEs indicating a
valence band maximum corresponding to an energy gap.
Figure 3(d) shows that the 3-layer N-seeded sample has a
0.7 eV gap (depending on the position of the conduction
band minimum), while the 8-layer film has a smaller 0.45
eV gap (a 4-layer film, not shown, confirms this trend).
The C1s spectra from clean and N-seeded samples show
that the valence band spectra cannot be due to an energy
shift caused by band bending changes in different sam-
ples [see supplement]. We also note that, the effective
velocity, v˜, derived from a linear approximation to E(k),
is reduced compared to vF , consistent with the opening
of a band-gap. Within a small ky-range around the Dirac
point (∆ky=±0.15A˚−1), both the 3- and 8-layer samples
have the same v˜ within the error imposed by the ARPES
broadening (v˜=0.8± 0.05×106m/sec).
Compared to pristine graphene, the nitrogen-seeded
graphene pi bands are broader in k. The ∆k momen-
tum broadening is ∼ 0.25A˚−1 FWHM (independent of
layer thickness) [see supplemental material]. A large
part of the EDC energy broadening and the momen-
tum broadening is due to the corrugation of the graphene
surface [the corrugation is demonstrated in STM results
presented below].31,32 Small modulations in the local
graphene height cause a local angular variation in the
surface normal. Since the surface normal determines the
orientation of the graphene Brillouin zone, the corrugated
surface leads to local kx and ky shifts in the K-point.
This leads to an ARPES image that is an area average of
a distribution of parabolic cuts through Dirac cones from
local tilted graphene resulting in an E- and k-broadened
spectra. While this explains part of the broad intensity
distribution between the valence band maximum and EF .
A more detailed STM analysis suggest how the gap forms
and an additional broadening of the EDCs.
STM images of the nitrogenated graphene show that
the films are not flat like typical C-face graphene films.33
Figure 4(a) show the highly buckled topography. A close
up view of a buckled regions in Fig. 4(b) shows that the
4FIG. 4. (a) 50×50nm2 STM image of a 3-layer graphene film
grown from a 0.2ML nitrogen-seeded SiC(0001¯) surface (bias
voltage, VB =0.1V). The image shows a pattern of folds. (b)
A topographic image of a fold showing the graphene lattice
(VB =0.1V). (c) A 10×10nm view of the graphene folds. (d)
A magnified dI/dV images of folded graphene showing that
the graphene is continuous over the folds and in the valleys.
(e) A dI/dV image of a region in (c). The image shows that
the tops of the folds are bright in the dI/dV image indicating
a high density of states.
fold is made of intact graphene. Note that there are no
indications of nitrogen inclusions like those seen in CVD
and plasma created nitrogen.17,34 The folds are ∼ 1nm
(no more than 2nm) high and 2-4nm wide giving a radius
of curvature of 1-2nm. These folds meander and can ex-
tend up to 25nm but are typically 5nm long. Figure 4(c)
shows an STM topographic image of a region with sev-
eral folds. A dI/dV image in Fig. 4(d) of a small region
between folds confirms that the graphene is continuous.
We note that this folding is not a property of epitaxial
graphene. The RMS roughness is less than 0.005nm for
graphene films without nitrogen.35
It is important to point out that the 2-4nm width of
these folds is consistent with the 0.25A˚
−1
∆k broaden-
ing of the ARPES spectrum. In ARPES, ∆k ∼ 2pi/L
where L is the average coherent domain size. This allows
us to estimate L∼ 2.5nm from the ARPES broadening.
In addition to the scale of the finite size domains mea-
sured by ARPES, the mean separation between NP ni-
trogen atoms, determined by XPS, is 1.5nm; only slightly
smaller than the width of the folds determined by STM.
That fact that three different techniques measure sim-
ilar length scales is not a coincidence. A model consis-
tent with these results is shown in Fig. 2. During the
high temperature growth, Si evaporates leaving a car-
bon rich surface with N-impurities. As the graphene
layer crystalizes from this film at high temperature, N
atoms in high energy interstitial graphene sites are ex-
pelled from the growing graphene. Some of these nitrogen
desorb while the others re-bind to the SiC as either NS
or NP nitrogen [see Fig. 2(a)]. The interfacial nitrogen
atoms (NP ) act as pinning sites that lock the graphene
to the SiC. This is supported by a large D-peak in Ra-
man spectra consistent with a significant concentration of
sp3-like bonds that would be associated with graphene-
N bonds [see supplemental material]. These sp3 bonded
C-N-SiC sites constrain the graphene to a length scale re-
lated to the starting nitrogen concentration. Since the N-
constrained graphene is no longer commensurate with the
SiC, a strain develops in the film that forces the graphene
to buckle. The length scale between folds is set by the
strain field induced by the interfacial nitrogen concentra-
tion. As the next graphene layer forms, Si evaporation
causes the SiC interface to recede along with the inter-
facial nitrogen as shown in Figs. 2(b) and (c). As each
new graphene layer forms the process is repeated leaving
a stack of pi-bonded graphene layers with only the last
layer nitrogen bonded to the SiC. The buckling period re-
mains determined by the nitrogen concentration and not
the number of layers (confirmed by the layer independent
ARPES broadening). As Fig. 2 shows, the buckling am-
plitude is expected to reduce in layers farther from the
SiC as previously shown by STM.36
It is these folds that are responsible for the energy gap
and not nitrogen impurities in the graphene. Because of
the short electron mean free path, the ARPES only mea-
sures the graphene band structure in the top 2-3 layers
where the XPS shows no measurable nitrogen concentra-
tion. This means that the measured band-gap must be
related to the graphene folds. The size of the ARPES
gap and its dependence on the layer thickness point to
a finite size effect gap caused by either strain confined
domain boundaries or by a quasi periodic strain field.
The boundary between folds is a highly strained re-
gion of graphene that could confine the graphene wave
functions between folds. The confinement band-gap ex-
pected for a graphene ribbon with width w=1−2 nm is
Eg ∼1eV-nm/w=1.0−0.5 eV,20,37 close to the value mea-
sured. The fact that a distribution of confined folds are
part of a continuous sheet of graphene would also explain
the ARPES intensity seen within the gap. A model of
bent graphene confined by flat graphene sheets predicts
a significant density of states (DOS) in the gap due to
boundary resonant states.12 The finite size model also ex-
plains the smaller gap in thicker films even though the do-
main size is the same. As the number of layers increases,
the amplitude of the buckles reduces, thus reducing the
strain at the bends. This makes the confinement bound-
ary less well defined; effectively increasing the confined
region and reducing the gap. Because of the fold width
distribution, the area-averaged ARPES would have a dis-
tribution of band-gaps resulting in an increased intensity
between the top of the valance band and EF as observed.
Periodic strain fields are also expected to open a band-
gap.19 Figure 4(e) shows a dI/dV image of several fold
ridges that show the typical increased DOS predicted for
strained graphene38 and observed in STM on graphene
nano-bubbles.39 While the nitrogen induced folds are not
strictly periodic, the folds have an average separation of
about 2-4 nm. This is a very small period that has the
5potential to open a large gap. Whether strain or electron
confinement (or both) are responsible for the observed
gap remains to be determined.
We have shown that a partial nitrogen monolayer, pre-
grown on the SiC(0001¯) surface, can be used to form an
undulating graphene layer with a band-gap ∼0.7eV. The
nitrogen binds the growing graphene to the SiC inter-
face forming 1-2nm high ridges in the graphene. There
is no nitrogen intercalation between graphene sheets nor
is there evidence of nitrogen inclusions that can reduce
graphene’s mobility.40,41 Because the initial nitrogen-
carbon bond is stable to very high temperatures, the pre-
grown layer can be patterned to produce locally strained
graphene. This semiconducting form of graphene would
then be seamlessly connected to metallic graphene grown
from the non-nitrogenated SiC. It offers a potential way
to produce all graphene semiconductor-metal junctions.
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Experimental Method
The substrates used in these studies were n-doped (nitro-
gen) 4H-SiC. All the graphitized samples were grown in
a closed RF induction furnace using the Confined Silicon
Sublimation method.23 The samples were transported in
air before introduction into either the XPS, STM, or the
ARPES UHV chamber. ARPES and photon energy de-
pendent XPS measurements were made at the Cassiope´e
beamline at the SOLEIL synchrotron in Gif sur Yvette.
The high resolution Cassiope´e beamline has a total mea-
sured instrument resolution ∆E<12meV using a Scienta
R4000 detector with a ±15◦ acceptance at ~ω=36 eV.
To produce the initial nitrogen surface layers the SiC
substrates were RCA cleaned. The samples were loaded
into a 900◦C furnace under a 500 sccm Ar flow and
heated to 1175◦C over a 1hr ramp. The sample is then
kept at 1175◦C for 2 hrs (for a 0.3ML nitrogen coverage)
with a 500sccm NO flow.42 The sample is then cooled
to 900◦C under a 500 sccm Ar flow and unloaded from
furnace. Oxide grown through this anneal is removed
by HF immediately before graphene growth. These C-
face nitrogen-seeded surfaces were then heated in a closed
graphite crucible in an RF vacuum furnace to 1450◦C to
produce the graphene films. This growth temperature is
slightly higher that the desorption temperature of nitro-
gen as discussed in the supplement.
The nitrogen coverage, NN , is estimated from the ratio
of the N1s to Si 2p intensities NN =
IN
ISi
σSi
σN
nSiλ, where
IN and ISi are the N1s and Si 2p XPS intensities, σN
and σSi are the photoionization cross sections of N and
Si.43,44 nSi = 4.8×1022/cm3 is atomic density of Si in
SiC. For this work, we use a mean free path in SiC of
λ = 2.2nm at 1486eV.
Supporting Information
Pre-growth Nitrogen preparation, Nitrogen Site assign-
ments, ARPES band structure analysis, and Raman anal-
ysis are available in the supporting information. This
material is available free of charge via the Internet at
http://pubs.acs.org.
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